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We investigate the nature of low-power nonlinear effects in high-temperature superconducting
microwave devices by measuring third harmonic generation at 76 K in coplanar waveguide
transmission lines of different geometries fabricated from XBg0;_ s thin films. The measured
power in the third-harmonic signal changes systematically with film thickness, center conductor
linewidth, and line length. We analyze these results using a simple model for a transmission line
with a nonlinear inductance arising from a current-dependent superconducting penetration depth.
This analysis describes quantitatively the observed differences in harmonic generation for
transmission lines of different dimensions, and yields a single geometry-independent pa(traeter
nonlinear scaling current densifly) to quantify the observed nonlinear behavior. For the thin film
samples studied herdy=3.0x 10’ A/cm? at 76 K for all geometries investigated. These results
provide the means to establish a lower limit for the expected nonlinear response of superconducting
components of arbitrary geometry at microwave frequenci¢S0021-897809)05614-5

I. INTRODUCTION tial reduction in component size and weight, planar devices

. . ._usually carry larger current densities than three-dimensional
High temperature superconductors are finding increasing

2 . . : d[ructures, which increases nonlinear effects. Nonlinear be-
application in passive microwave elements such as filtersand "~ ™. . . . . .
. . ! havior is typically observed as intermodulation distortion
delay lines, which benefit from the extremely low surface

resistance and relatively high transition temperatufe ( (,IMD,) in filters and resqnato?slo and as harm.onl.c genera-
~90K) characteristic of these materid®The advantage of 1N in broadband devices such as transmission firles.
high temperature superconductsfTS) devices can be com- Higher harmonics and intermodulation products are two dif-
promised, however, by factors such as the rapid increase #grent manifestations of the same nonlinear processes, and
loss at high microwave poweéréand nonlinear effects gen- they can be simply relatet'” Even so, it is currently diffi-
erated at all powersAn example of the potentially serious cult or impossible to compare the measured nonlinear re-
problems due to nonlinearity is intermodulation distortion insponse in different structures owing to differences in device
HTS transmit/receive filters, where two signals within thegeometry(e.g., microstrip, strip line, coplanar waveguide
passband of a filter are mixed by nonlinear processes to prend device dimensiongfilm thickness, conductor length,
duce interference signals which can also fall within thewidth). Different experimental configurations can give non-
passband.lt is not known if such nonlinear effects in HTS |jinear responses that differ by orders of magnitude for simi-

devices are an inherent property of HTS materials or occur ag input powers, yielding little information about the sources
a result of the device fabrication process. The achievablgs the observed nonlinear behavior.

limits on device linearity are therefore impossible to predict. In this article we present measurements of nonlinear ef-
To better understand the nature of nonlinear effects ir%ect

. . . - . s in CPW transmission lines of different geometries
HTS microwave devices, we investigate the role of device . . L
. which are fabricated from HTS thin films. We expand on
geometry on the nonlinear response of HTS coplanar wave- "~ 3 .
revious work® to directly compare the results of these mea-

guide (CPW) transmission lines. The goal of these experi-p

ments is to determine whether the observed nonlinear e1‘fec&.“r‘5’mentS W'th the predictions of a S|mplg model. To quan-
in HTS devices are of intrinsic or extrinsic origin, and to tify the nonlinear response of our HTS microwave devices,

facilitate the comparison of nonlinear measurements obWe measure third harmonic generation as a function of inci-
tained for structures of different geometries. The results oflent power. We use single frequency third harmonic mea-
these experiments can then be used to help develop thin filgurements and simple linear geometries in an effort to extract
and device fabrication processes which minimize nonlineathe underlying nonlinear material properties. In addition, we
effects in HTS microwave devices, and to predict the level ofrestrict our attention to microwave powers that correspond to
nonlinear response in actual HTS applications. current densities well below the critical current density of the
Many HTS microwave applications are implemented us-superconductor in order to avoid the high power region
ing thin films in planar geometries, such as microstrip, stripwhere the surface impedance begins to rapidly increase with
line, and coplanar waveguidewhile allowing for substan- increasing powet?
The model that we use, developed by Dahm and
dElectronic mail: booth@boulder.nist.gov Scalapind:* assumes the existence of a nonlinear inductance
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arising from a current-dependent penetration depth. A (a)
current-dependent penetration depth can arise from a number
of sources, including current-induced depairing of the super-

conducting charge carriers, or from the presence of weak

links.2**>Vortex motion has also been suggested as a source
for a nonlinear reactan¢d.We adapt the model of Dahm

and Scalapino, which calculates the intermodulation products Network (b)
in a microstrip resonator, to the case of third harmonic gen- Analyzer (CW)
eration in planar transmission lines of variable length. Com- SOIid*State
parisons between the model and experimental results are ac- Amplifier
complished by extracting the third-order intercépéscribed 17
in detail below, which is defined as the incident power at Directional Probe
which the measured third harmonic response would become Coupler | ™| Station
equal in magnitude to the fundamental signal. By comparing *-20 dB
the third-harmonic generation of CPW transmission lines of Power

. . . Spectrum
different dimensions, we are able to demonstrate that the Meter Analyzer
nonlinear response of these devices changes with geometry

exactly as predicted by the simple model. As a result, we can _ R ,

tract a single parametéhe nonlinear scaling current den- FIG. 1. (a) Diagram of a coplanar transmission line, showing use of tapers.
e_X g _p ] g The gray region is the YBCO, while the black rectangles are gold contacts.
sity Jo) to describe the observed nonlinear response of all of) Block diagram of the experimental setup to measure third harmonic

our devices, independent of specific geometry. These resulggneration in HTS transmission lines.
suggest that the nonlinear response of our samples can be

considered to be an intrinsic material property and is not

generated by damage due to patterning, for example. The

values obtained for the nonlinear scaling current denkjty hi his hel hat th ial
can then be combined with the theory of Dahm and15>< 15mm YBCO chip. This helps ensure that the material

Scalapind* to allow for the estimation of material limits on quality for different transmission lines is nearly identical, so

the smallest nonlinear effects achievable in practical supet@t the measured response reflects geometrical differences

conducting microwave devices of arbitrary geometry. only. The gaps between the CPW center conductor and the
ground planes on either side are adjusted to maintaif) 50

characteristic impedance for the different center conductor
Il. THIRD-HARMONIC MEASUREMENTS linewidths. The individual transmission lines are character-
ized using a cryogenic microwave probe station, which uses
air coplanar probes that are cooled under vacuum along with
éhe sample, and which can be positionedsitu to make
contact with the different CPW lines on the superconducting
sample. Since the signal-to-ground separation of the coplanar
contacts on the probes is fixed at 1o, exponential tapers
gre used onchip to transform to arbitrary center conductor

We fabricate CPW transmission lines from epitaxial
c-axis-oriented YBsCu;0;_s (YBCO) films of different
thicknesses grown by pulsed-laser deposition on 1
X 15 mm LaAlQ; substrates. The films are grown at 770 °C
(Ref. 17 at an oxygen pressure of 27 200 mTor), with a
thin (~20 nm buffer layer of CeQ@ deposited between the
YBCO film and the substrate. Prior to device patterning, th ) : i )
surface resistanceR() of the superconducting films is mea- and gap dimensior{see Fig. @)]' The pro?e Sta“‘?” alloyvs
sured using a sapphire dielectric resonator operating at 17§easurement of all the devices on a given chip during a
GHz. The thickest filmg500 nm have a surface resistance Single cooldown, and sample temperatures down to 20 K are
at 76 K and 17.5 GHz of 73&Q (scaling byf2 to 10 GHz easily achieved. More details of pr.obe station measurements
gives R,=240Q). In addition, the penetration dephis of superconductors can be found in Refs. 13 and 19.
measured inductively at 76 K on representative samples ~ We measure third-harmonic generation to quantify the
(these measurements yield=290 nm at 76 K for the 500 nonlinear response of our CPW devices. We use this tech-
nm thick samples The films are patterned into CPW struc- nique, rather than intermodulation measurements, because
tures using standard optical photolithography and Ar ionour transmission lines are broadband devices, supporting the
milling. The CPW geometry is used in part because only ondropagation of a fundamental signal at a frequeinayd also
film is required(the center conductor and ground planes onthe third harmonic signal at frequencyf.3The harmonic
either side are all located on the same surface of the.fllm generation method is relatively simple, requiring only a
addition, the current density in the CPW geometry is peakegingle input tone, and the power incident on the test devices
at the edges of the center conductor, making this configurscan be determined without additional measurements of the
tion potentially very sensitive to processing damage at théput and output coupling. Nonresonant measurements also
conductor edges. More details of the unpatterned film propbenefit from a simpler longitudinal current distributigno
erties and device fabrication can be found in Ref. 13. standing wave patterns with adequate impedance maiching

To compare the nonlinear response of different deviceand are in general much less sensitive to the exact frequency
geometries, we fabricate up to 15 CPW transmission lines obf operation(no requirement for the signals to fall within a
different length and center conductor linewidth on the samenarrow passband Another advantage is the fact that the



1022 J. Appl. Phys., Vol. 86, No. 2, 15 July 1999 Booth et al.

100 -40
-50 @ 3101363\
50
e . =60
a £ /A’”
=0 g -70
A Vm E%
- g RIAT
-90
4
-100 -100
0 20 40 60 80 100 10 15 20 25 30
P, (dBm) P, (dBm)
FIG. 2. Measured fundamentéd GHz) and third harmoniq15 GH2 vs 806 [ 3 b
incident power at 76 K for a CPW transmission line fabricated from a L 4 (b)
YBCO thin film. The geometry of the transmission line is: linewidth 75| @ R
=21 pum, line length=11.35 mm, and film thickness320 nm. _ v
i m o
o
T 70 .
o
transmission line length can easily be varied at the frequency A -
of operation. 65 u
Figure Xb) shows a block diagram of the experimental -
configuration for our third-harmonic measurements. A vector 60 )

network analyzer is used as a source in continuous wave 2 4Line6Len tﬁ (mnll()) 12
(cw) mode to provide a single-frequency signal, which for £
these measurements is fixed at 5 GHz. This signal is fed int6IG. 3. (a) Measured third harmonic vs incident power at 76 K for eleven
a solid state amplifier, which provides powers up to approXi_different CPW trgnsmission lines of different geom(_etrieg fabricated on a 320
. . nm YBCO thin film. Data are shown for the following lines: 2dn wide,
mately 1 W, followed by a low-pass filter to rempve hlgher 2.06 mm longopen circleg 21 um wide, 3.18 mm londopen squargs21
harmonics generated by the source and amplifier. A direCam wide, 6.54 mm longopen diamonds 21 um wide, 11.35 mm long
tiongl cqupler inse.rted in the signal path just before the prob@pgn trialnglt?cs”Z?j /Smcl ;:Ziseég-ori vrcgeloggzllﬁ% clgrc];ﬁl;egsdf;r:q c\:\:}lgg
.Sta.tlon is used with a. pC.)WGI’. meter to measure the powegélur:qwid?%i.% n?m Ion@fille/:j trianglés); 105 um wide, 3.18 mm Ior’1g
incident on the transmission line under test. After the signaj, ). 105 ,m wide, 6.54 mm lond-+): 105 zm wide, 11.35 mm longopen
passes through the probe station and the superconductiRgcles with dots. (b) Resulting third order intercepts vs. transmission line
transmission line, the fundamental and any generated halength for the data shown i@). The linewidths are 10pm (diamonds, 53
monics are measured using a spectrum analyzer. The me4T (circles, and 21um (squares
sured return loss in this configuration when the amplifier is
bypassed is typically greater than 20 dB, indicating adequate
impedance matching to the CPW transmission lines. intercept close to 0. For the range of incident powers shown
The limit on the smallest harmonic signal generated byin Fig. 2, we estimatethe peak rf field strengths to be in the
the superconducting transmission lines that can be detecteednge from 2 to 6 mT20-60 O¢.
depends on the sensitivity of the spectrum analyzer and the We can quantify the nonlinear response shown in Fig. 2
magnitude of any background harmonics generated by othday fitting the third harmonic data to a line of slope 3 and
components in the test setup. The measurement limit of thextracting the intercept point. By convention, we extract the
spectrum analyzer depends primarily on the resolution bandhird-order intercept point H1g), which is the incident
width, and also on factors such as input attenuation and aypower at which a line of slope 3 fitted to the third-harmonic
eraging. For the measurements presented here, the spectrdiata intercepts a line of slope 1 fitted through the fundamen-
analyzer sensitivity limit is approximately-84 dBm (the tal data?® The third-order intercept defined in this manner is
units of power quoted from this point forward are decibelsnot a realizable power; in practice the rf current densities
referred to 1 mW, abbreviated dBmin a configuration exceed the critical current density of the superconductor well
where the probe station is bypassed, no measurable backefore the incident power approaches the third order inter-
ground third-harmonic signal is detected up to an incidentept power. Figure 2 shows that a higher third-order inter-
power of 28.3 dBm, the maximum power available for thesecept corresponds to a smaller third-harmonic signal for a
measurements. given incident power; hence a higher third-order intercept
Figure 2 shows the measured power in the third harimplies a smaller nonlinear response for a given circuit.
monic and the fundamental as a function of incident power at  Figure 3a) shows the measured power in the third har-
76 K for a 21 um wide, 11.35-mm-long CPW transmission monic as a function of incident power for eleven transmis-
line fabricated from a 320-nm-thick YBCO film. The data in sion lines fabricated on a single YBCO chip. There are three
Fig. 2 show that the magnitude of the third harmonic risessets of lines of width 21, 53, and 1Q@m. The 21 and 105
with approximately slope 3 over the measured range of incium linewidth structures use 0.2-mm-long exponential tapers
dent power. The measured power in the fundamental, in corto transform from a probe-compatible geomettgpers are
trast, rises with a slope of 1 on the log-log plot, and has amot required for the 53:m-linewidth structures, which have



J. Appl. Phys., Vol. 86, No. 2, 15 July 1999 Booth et al. 1023

constant linewidth sections of corresponding lengths to théq. (1), this expansion is valid only when the nonlinear re-
tapers. Within each of the constant linewidth sets are trans-sponse can be considered to be small. The expression for the
mission lines of length 2.06, 3.18, 6.54, and 11.35 mm, for anonlinear(current dependenpenetration depth is given by
total of twelve lines, each having a different geomdthese 2
specified lengths include the 0.2-mm-transformer sections  \2(T 3)=\%(T) _) ) 2
We extract a third-order intercepP¢,) for eleven data sets Jo(T)

in Fig. 3(@ and plot the resulting intercepts as a function of\ye |apel the parametel, as the nonlinear scaling current

line length in Fig. 8) (each linewidth set is denoted by a gensity. Using the expression for the inductance per unit
different plotting symbgl The 2.06-mm-long transmission length

line of the 105um-linewidth set showed no measurable
third-harmonic signal up to our maximum incident power. _ pof (H?+2\23%)dS
Figure 3b) shows that decreasing the center conductor line- B (f3dS? '
width results in a lowerPqg, (implying a larger third-
harmonic signal for a given incident powef his is qualita-

1+

©)

we obtain for the nonlinear contribution to the inductance

tively what we expect, since the smaller linewidth lines carry , woh3(T)T
a larger current density for a given input power. Figufe) 3 L= =2z 4
also shows thaPq, decreases with increasing line length 0
for each set of lines. wherel is a geometrical factor given by
The fact that the measured third-order intercept varies 2,2 14

. . . _ wte[J*dS
with the length and width of our superconducting transmis- T'= —————. (5
sion lines suggests that the observed third harmonic signal is (J3d9

generated predominantly by the transmission line itselfThe integration in Eq(5) is taken over the cross section of
rather than by probes, contacts, tapers, or conne¢t@ss  the transmission line conductsy. In Eq. (5) it is important
monic generation due to these factors would be constant ang use a form for the current density that is appropriate for
not change with transmission line geometrfFor further  the transmission line geometry under consideration, because
verification, we have performed measurements on gold lineg will in general be a strong function of position across the
deposited on LaAI@subStrate:{the gO'd lines have a line- transmission line for many p|anar structures.

width of 53 um and a gap spacing of 10im). Measure- We now use the nonlinear inductance described by Eq.
ments of gold lines of different lengths at room temperaturg1) to calculate third harmonic generation in a section of
and at cryogenic temperaturé20 and 76 K show no mea-  transmission line. Throughout the derivation we assume that
surable third-harmonic signal for the maximum incidentthe nonlinear term in the inductance generates a third har-

powers available for these experiments. These measuremenifnic signal, but does not appreciably affect the linear prop-
of gold transmission lines also effectively exclude theerties of the transmission line.

LaAlO; substrate as a possible source of the observed non- To determine the effect of the nonlinear inductance in

linear response. Eqg. (1) on the measured response of our circuit, we follow
Ref. 21 and calculate the voltage generated byuenped
Ill. CALCULATION OF THIRD HARMONIC elemen} nonlinear inductor of length
GENERATION dl dl di
To describe the observed nonlinear effects in our CPW V(t):IL(I)azlLomHL’IZa. (6)

devices, we calculate in this section the third harmonic gen-

eration due to the nonlinear inductance of a section of trang~or the time being, we assume that the inductor lergeh

mission line. We reproduce here the derivation of Dahm angmall enough compared to a wavelength that a lumped-

Scalapind? to obtain an expression for the nonlinear contri- element approach is valid. We assume a single-tone input

bution to the inductance due to a current-dependent penetraignal at an angular frequenay.

tion depth. However, instead of calculating the intermodula-

tion power in a fixed length resonator as in Ref. 14, we I(t)=locod wt). @)

calculate the third-harmonic generation in a variable lengthsubstituting Eq(7) into Eq.(6) produces a voltage signal at

transmission line. In this treatment, we do not include thefrequency &:

effects due to a nonlinear resistance, since we expect the

effects of the nonlinear inductance to dominate the observed

nonlinear response for superconducting transmission lines.
We follow Dahm and Scalapifidand define an expan-

sion for the nonlinear inductance per unit length:

L(1)=Ly+L"I? (1) 1

wherelL, is the linear(current-independentontribution to Ps=5-- Vs|?=
the inductance, and’ is the nonlinear contribution, which is 0

due to the variation of the penetration depthvith the cur-  Using the expression for the power in the fundamefal
rent densityJ. Because higher-order terms are neglected in=I(2,20/2 we obtain

' 3

I
V(3w)=— sin(3wt). (8)

4

We now calculate the power in the third harmonic for a
section of transmission line of characteristic impedadge

wL’I)2 15 (wL’|)2lgzg

2z, | 2zZ) "8

2 (10
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wl’l to describe differences in the measukeg, for transmission
P3(dB)=10log,¢(P3) =2x10 Ioglo( ﬁ) lines fabricated from samples of different thickness. The use
0 of Eq. (12) to scale ourP5, measurements for different
+3X10logyo( P1). (1) geometry transmission lines to the same reference geometry

If we plot the power in the third harmonic versus the incident@/SO énables us to extract an averdyg, and a standard
power (which is the same as the transmitted power in thedeviation for all transmission lines on a single chip regard-

fundamental for a lossless linave obtain a line of slope 3 less of the trangmission Ii.ne geometry. Finally we will use
with an intercept given by the first term in EQ.Y). It is easy values for\ obtained from independent measurements to ex-

to shov® that for a line of slope 3 with an intercept the tract avalue_ for the _nonlinear scaling current dendjtat 76
third-order intercept is simplPyo,= —b/2. After substitut- < for €ach film studied.

ing for L’ in Eq. (11) we then obtain the following expres- To illustrate the use of Eq12) to compare the third-
sion for the third-order intercept, in units of dBm: order intercepts of transmission lines of different dimen-
sions, consider two transmission lines that differ only in the

2J5(T)  wt?Z§ center conductor widtlv. We can use Eq12) to calculate
Proi=10l0go wow\*(T) Tl +30. (12 the expected difference in third-order intercept for these two

. . . . lines. Assuming all other ntiti re identical, w in
The third-order intercept is found to depend on the dimen- es. Assuming all other quantities are identical, we obta

sions of the transmission line, the characteristic impedance . _ fine1
Zo, as well as the material parametarsind J,. AP16(dB) = (P1g) "™~ (P0))""?= 20 logyg Wrm)
There are some limitations to the application of the deri- s (13

vation of P; and P, presented above. First, E(l) must

describe the current-dependent inductance with sufficient azonsider, for example, transmission lines that differ in width
curacy. For superconductors carrying large enough currentgy a factor of 5. From Eq(13) we expect the third-order
the form ofL (1) is expected to deviate from that given in Eq. intercept of the narrower line to be lower by a factor of
(1), and the analysis presented here will no longer be valid20 log (5)=14 dB, which is roughly the difference we ob-
For this situation, higher order terms in E4) will become  serve in Fig. &) between the 21 and 1Q&m lines. In prac-
important and must be considered. For this reason, we reice the factorl” in Eq. (12) will also change for different
strict our analysis to third harmonic data that increase wittgeometries, since the current distribution will be different for
the third power of the incident signal, as illustrated in Fig. 2.different linewidth samples. We use the method of SRen
The second limitation is due to the fact that the expresto calculate the current distributions for different transmis-
sion in Eq.(12) was derived using a lumped-element ap-sjon line dimensions, assuming a current-independent induc-
proach for a nonlinear inductor, which can be strictly appliedtance. We then use E(p) to determine the geometry factor
to transmission line sections where the lengthsmall com- T for each different geometry.
pared to a wavelength. We can circumvent this difficulty to  To illustrate the application of Eq12) more explicitly,
some extent by considering a general transmission line ofve scale our measured third order intercepts shown in Fig.
lengthL as made up of a series of smaller transmission line3(b) to the same reference widttve choose reference values
elements such that the assumptios\ is valid for each  of w,,=100xm, andl &=3X 108 m™2):
segment. We then make the further assumption that the non-
linear responses from the individual segments do not interact pscaled_ pmeas_ o | Ws 4101 s
and that the resulting third harmonic signals from each seg- Tol TOl %%o0| 100 O%o| 3% 101
ment add in phas&. Obviously, this argument cannot be (14
extended to arbitrarily long transmission lines because Eq. . , o , 5
(10) would predict thaP; will increase without bound as the yvherews SN ””L‘fa.i’cf”“m a?nggss 'S In units of n and the_
lengthl increases, whil®®; remains constant. This apparant intercept pointPrg, gnd PT‘?' are expressed in dBm. This
violation of conservation of energy results from the fact thatSc@ling should effectively eliminate differencesRqo, due
in the current treatment we have ignored both the effects o differences in transmission linewidth. Figure 4 shows the

losses and the effect of the nonlinear response on the fundaw_easured data from Fig.(ty scaled in this manne, \_NhiCh
mental signal. Therefore, the second practical limitation id!lustrates how our measured data for different linewidth de-

that the third harmonic signal must remain much smallerIC€S collapse to describe roughly the same curve versus line

than the fundamental signal. For the data that we preseﬁ?ngth' This figure dramatically confirms the linewidth de-

here, this conditiorP;<P; is always satisfied. pendence 0P, given by Eq.(12). _
We can also scale the data in Fig. 4 to take into account

differences in transmission line length, also according to Eg.
(12). Instead of collapsing the data a second time, we plot the
We can use the expression in H42) to compare our length dependence predicted by EtR) along with the mea-
measured third-order intercept data for transmission lines cdured data already scaled to the reference linewigih; (
different geometries. In what follows, we will first demon- =100xm). The solid line in Fig. 4 represents such a fit to
strate the application of Eq12) to describe differences in the third-order intercept versus line length using EtR).
measured third-order intercepts for lines of different widthsThe data collapse and fit illustrated in Fig. 4 demonstrate the
and lengths shown in Fig. @). We will then apply Eq(12) excellent agreement between the differences in the measured

IV. DATA ANALYSIS
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FIG. 4. Scaled third order intercepts vs line length for data shown in Fig.FIG. 5. Measured third harmonic vs incident power for eleven transmission
3(b). The data are scaled for different linewidths to a reference geometryines of different geometry shown in Fig(e8, scaled for length and width to
using Eq.(14). The solid line represents the length dependence predicted byhe same reference geometry.
Eg. (12. The reference geometry is given byw,=100um, t.
=500 nm, and’,,=3X 10" m™2.
scaled to the same reference thickness using(Es), the
variable thickness data also collapse remarkably well, as il-

P.o; due to geometry and the dependence on length anléjstrated in Fig. @). This application of Eq(15) accounts

. : : : or differences in the measurd?y, in Fig. 6@) of up to 25
\(Ailg)th predicted by the simple model and expressed in Equ. The solid line in Fig. @) shows the same length depen-

This analysis implies that a single value o, can dence calculated in Fig. 4, demonstrating that samples of

describe the twelve different geometries for the single filmd'ffe"?nt thlcknes_,ses, linewidth, and I_me length can all be
. ) described by a single value f&5%"*using Eq.(15)

considered above. This value B, can be transformed to . ) . TOl e

compare with other measurements Bfy from samples To verify that this behavior is ger_1erally vaﬁd, we per-

having different lengths and linewidths. In order to facilitate]corm measu_rements. on sets of dewces.fabncated from a

comparisons of different geometry samples, we adopt th umber of different films. Ta}ble | summarizes the.extracted

convention to scale all our measured data to a fictitious ref- O scaledl for geometry using quS). for sevgral films of

erence geometry defined by a film thickness of 500 nm ifferent thicknesses. The geometrical scaling works ex-

linewidth of 100.zm, and a length of 10 mrtwe also use a, tremely well for all the samples considered, yielding a mean

reference value fof =3.0x10'*m™2). We can then write

the following equation to describe the scalingRf, of any 80
arbitrary geometry to our standard geometry: L ® (a)
70 ®
w t ] ]
scaled_ pmeas S| _2s — [ ]
Prol o1 20 |0910[ ( 100 500) § 60 n
Ls\[ Ts £ 50
L 4
with wg expressed imm, t in nm, L in mm, andl'g in m™2,

As before, the intercept points are expressed in dBm. A 302 ' 7 : p ! s '10 ‘12
simple consequence of this analysis is that if we can scale the )

. Line Length (mm)
measuredPtq, for geometry, we can necessarily scale the

measured third harmonic magnitullg as well. The change 94

in the magnitude of the third harmonic sigri{ is related to 92L (b)
the scaling correction for the third-order intercept by, 2 90

=—2AP¢q,. Figure 5 shows the third harmonic data from = \o

Fig. 3(a) scaled to the reference geometry. The resulting plot 5 i | €

shows that the data from all lines collapse to roughly the 3 N 4 \\;\

same function, described by a line with slope 3 and a third- o /4 N

order intercept oP1q,= +82.7dBm. The ability to scale the 22 \\._
measuredP; data to account for geometrical differences is .
important for comparison oP; data that do not increase O e s 10

with incident power with slope 3 and therefore do not have a
definitive third-order intercept point.
Equation (12) also predicts how our measure@q, FIG. 6. (a) Measured third-order intercepts vs line length for2h wide

; ; ; transmission lines of three different film thicknesses at 76 K: 500 nm
should change for different thickness samples. Figua} 6 (circles; 320 nm (squares 50 nm (diamond$. (b) Third-order intercept

shows Prq qata for Z;ﬂm'Wide transmission lines fabri- gata from(a) scaled for different film thicknesses using Ef5). The solid
cated from films of thickness 50, 320, and 500 nm. Whenine is the same length dependence shown in Fig. 4.

Line Length (mm)
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TABLE |. Summary of third-order intercept data for several different YBCO thin films. This model quantitatively explains the
YBCO films. Shown is the mean third-order intercept and standard deviatior}neasured differences in harmonic generation for different
of the indicated number of transmission lines, after the third-order interceptgPPW dimensions, including film thickness, center conductor
of the individual lines have been scaled to a reference geometry to accoun . o . !

for geometrical differences. Also included is the mean nonlinear scalindinewidth and line length, suggesting that the observed non-
current density derived from the third-order intercept and penetration deptlinearities are an intrinsic material property. This analysis is
data. The specified yield is the number of transmission lines that gave gsed along with a simple measurement system to demon-

measurable third harmonic signal of slope 3. strate the removal of geometrical effects from measurements

Film Yield  Average of the nonlinear response in HTS devices. Our results can be
thickness (measurable P$&°®  Std. Dev. used along with the theory of Dahm and Scalaptrio pre-

Film ID. (nm) slope 3 (dBm)  (dBm)  Jo(10" Alenr?) dict the limits on nonlinearity for practical superconducting
1397-164 500 0/12 826 12 29 devices of arbitrary geometries at microwave frequencies.
L397-166 500 9/12 82.1 1.1 2.8 The nonlinear scaling current density obtained from these
L397-160 320 11/12 82.7 1.3 3.3 measurements at 76 K is remarkably consistent for all the
L397-161 320 10112 82.8 12 3.4 samples studied and also provides an appropriate figure of
L397-170 50 12/12 80.2 1.3 2.8

merit for optimizing fabrication processes to minimize
material-dependent nonlinear effects. We plan to use these
methods in future work to determine the relative importance
of pattering techniques and film growth conditions on non-

P1o that is very similar for all samples studied. Further- Iinegrities in the HTS materials. In addition, we plan to in-
more, since we expect to obtain the same sciggl for all \(estlgate the temperature dependence of the observlegi non-
lines, we can define a standard deviation, which measures tigear effectsthrough the temperature depgndenc@%‘ge
uniformity of the scaled third order intercept across a giverf"dJo) in @ manner analagous to Ref. 24 in order to further
chip. The standard deviation in scaled third-order intercept i¢nderstand their physical origin.

1-2 dBm for all the films investigated here, which demon-

strates remarkable uniformity in the nonlinear response 0ACKNOWLEDGMENTS
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